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EVALU,T IO

Tre attainment of bandwidth efficient dicital communications over
line-of-sight (LOS) has been limited by non-1inear power amplifiers.
The optimum signal steuctures for bandwidth efficiency are those wherein
the i{nformation is stored in the signal amplitude, {.e., amplitude shift
keying (ASK). In order to perform well, ASK-type signal structures re-
auire linear operation. This forces one to attempt to linearize the
amplifier (usually a traveling wave tube) by backing it off; however,
this results in lower power outputs and thus lower syc<tem gain which
can reduce system avatilability.

An alternative approach is to use techniques which store the in-
formation in phase or frequenc, (PSK or F3K) and are not effected by
non linearities; however these - ignal structures are less bandwidth
efficient than linearly < ~ive. structures. The emphasis in this pro-
gram, and the study/breadboard effort which preceded it, was in opti-
mizing the phase trajector; to minimize spectral occupancy but yet
optimizing performance. The technique selected and implemented as
optimum, was & level phas: ccntinuous FSK. It was determined during
the course of the program that FCC 193)1 could not be met exclusively
with waveform design withcut _ompromising bit error rate (BER) per-
fecrmance. Consequently an .| waveguide filter was fabricated to reduce
the spectral sidelobes to fit the FCC 19311 mask. The use of RF filters
for spectral containment is an accedted technique; however, RF filtering
cannot be used exclusively because of the excessive group deiay and
amplitude distortion introduced, necessitating the use of a cowplicated
equalizer at the receiver. The best results are achieved by a combination
of weveform design and RF filtering.

As a result of this combination of waveform design and RF filter
design the experimental model developed on this program delivered 2 bits
per Hz transmission and achieved a BER of 5x10-9 at an Eb/No of
22.6dB. System gain is not comprox.ised becsuse amplifier non-linearities
are not a factor. Performance is very competitive with presently re-
ported linear or quasi-linear techniques which cannot provide as high a
system gain because of the TWT hachoff roquired to obtain linear operation.

"via‘ u'/wé//*}xr Cene .

PRIAN M
Project Engineer
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1.0 INTROCUCTION

L. Objective

The objective of this program was to optimize the techniques
developed on the previous contract (F30602-74-C-0263) from a cost and
performance puint of view, and to implement an experimental modem providing
bandwidth efficient signalling for line-cf-sight microwave systems.
Specifically, spectral efficiency compliant with FCC Docket 19311 was
required. A bit error rate of 5 x 10"9 at an Eb/N0 of 22 dB for
2 bits/sec/Hz (B/Hz) of RF bandwidth operation or at an Eb/N0 of 16 dB
for 1 B/Hz of RF bandwidth operation was desired. These characteristics,
provided in conjunction with hard-limiting radio sets, allow efficient
conversion of analog FDM-FM line-of-sight microwave systems to digital
operation by replacement of the modulation eiements.

1.2 Approach

The program consisted of two main phases. During the first
phase, an analytical study was undertaken to expand upon technigues
developed on the previous program. 1t was desired that the experimental
modem provide significantly improved performance over the previously
constructed breadboard as well as additional operational features. In the
second phase, the experimental modem was constructed and tested both in the
laboratory and on an actual microwave radio.

1.3 Results

The experimental modem was successfully tested both in the
laboratory and the Rome Air Dae2lopment Center (RADC). A1l design
requirements were met. Most iotably, the pertormance gocl of emission
requirements as described in FCC Docket 19311 was met witn some margin.
The acquisition performance objective of 20 ms for an I* frequency offset
of 20 kHz was met, as was the performance objective of 5 x 10'9 bit error
rate at an Eb/N0 of 16 dB for 1 B/Hz oneration. The design objective of
a 5 x 1077 bit error rate at an E /N, of 22 dB for 2 B/Hz
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operation was exceeded in back-to-back tlests and was within 0.6 dB for a

group-delay compensated LC8D radio.

A significant accomplishment of ihis program was developing an
experimental modem whicn, unlike the previous breadboard, is simple %o
operate and stable¢ in performance. All tests at RADC was performed with
the modem as received from shipment without any realignment. Performance
degradation from that obtained in the laberatory was negligible.

1.4 Repori Organization

The results of the analytical efforl are presented in Section
2.0. The design and construction of the modem are discussed in Section
3.0. In Section 4.0 the test program and results are presented. The
conclusions are presenied are in Section 5.0.

3/4
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2.0 ANALYTICAL RESULTS

2.1 Backgrougg

This seclion desciribes the analytical effort on this program.
On a prior contract (Contract F30602-74-C-0263) forr Rome Air Development
Center (RADC), a study was performed to choose & bandwidth efficient
signalling scheme for the microwave line-of-sight channel. Design
objectives on the prior contract included 99 percent speciral occupancy of
one-half bit rate and 20 dB E /N for 10~ error rate. Primarily
because of the microwave radio saturated TWT amplifiers, the signai design
effort on the prior contract was restricted Lo constan! envelcpe signalling
schemes. This type signalling avoids problems caused by AM/PM conversion
characteristics of the TWT's.

The conclusion on the prior contract was that 4-ary continuous
phase FSK with frequency spacing equal to une-eighth iLhe sywbol rate
represented the besti performance/complexity versus spectral occupancy
trade-off. On the prior effort, a unique techniaque was developed for
demodulating the 4-ary FSK signa! such that near-optimum performance was
obtained. The technique wa: the subject of an "abstract of new technolegy"
on the prior contract.

After the prior study effort, a breadboard model of the modem
was constructed and the feasibility of the scheme was ver ified through both
laboratory measurements and actual microwave link tests at RADC. The
results are included in the final report (RADC-TR-76-117) to RADC.

As with most breadboard efforis, there were implemeniation
featurcs of the modem that were operationally inconvenient, such as
acquisition of the phase detection reference loop. 1In addition several
difficult and critical timing adjustments were required to obtain predicted
performance. One of the primary motivations of the present contract was to
eliminate the difficulties and shortcomings associated with the original
breadboard. A stated design objective for the present effort was to
acquire 20 kHz frequency offset in 20 ms at an Eb/No corresponding to a
10'7 bit error rate.




In the prior contract the specural criterion imposed was
99 paercent spéétra1 occuparcy in one-half bit rate RF bandwidth. For the
present effort, the spectral criterion imposed is that of weeting the FCC
Docket 19311 (See Appendix A) spectral ma.* foyr an autherized bandwidth of
one-half bil rate. This -riterion places a more stringent requirement on
Lthe side lobes of the trarsmitted spectrum than did the original 99 peréent

PRI AT R R

speciral occupancy criterion.

Another goal of the present study was to develop a technique for
providing 1 B/Hz operation (again under FCC docket 19311 criterion) as well
as 2 B/Hz operation.

A ST QAR i

New implementation techniques were to be investigated with an
eye Lo reducing the cost and canplexity of the criginal breadboard.
Finally, an experimental modem wes 10 be implemented inccrporating the
results of Lhe study phase of the present effort. This modem was then to
be used for tests ait RADC on their microwave test farility.

2.2 Summary of Broadband Modem 11 Study Phase

Thic paragraph presenis a bri- ¢ cummary of the major resulis and
conclusiy s of the ¢*fot., A noie detailed discussion foilows in Paragraph

2.5,

2.2.1 FCC 19311 Compliance

Both 70 mHz IF Filter/Limiter and 8 GHz microwave waveguide
filter approaches were investigated. The best. IF filter/limiter
combination provided theoretical Ey/N,, of 23.1 dB for a 5 x 10'9 bit
error rate. The waveguide filter approach yielded theoretical Eb/No of
20 dB for a 5 x 10'9 bit error rate. The waveguide filter approach was
adopted as the baseline. Discussions with waveguide filter manufacturers
indicated tnat less than 1 dB of insurtion loss could be achieved.
Additionaliy, INVAR construction of the filter yielded tolerable detuning
of less than =450 kHz over a 0% to 50° ¢ temperature range. The
waveguide filter selecied is nominally 4-pole Butterworth with a 3 dB
bandwidth of 16 MHz.

AT 2 . ‘i o s -
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2.2.2 New Implementation Technigqgg

The “closed-loop reference derivaiion" technique was adopted for
this modem. The basic idea is to use the known phase nodes of 4-ary FSK
with which to compare the measured phase from the Quadrature Phase Detector
(QPD) to determine the phase error to closest node. This error signal is
filtered by a loop filter in the same manner as a normal PLL and the
resultant signal used to drive the VCO which provides the QPD reference.
This “closed-1oop" reference derivation technique bears a close resemblance
to COSTAS-type loops widely used to establish rorerent references. This
eliminated critical reference phasing problems in the original breadboard
as well as simplified the modem reference generation. Sample and hold
circuits were included in the phase detectors to alleviate the critical
symbol timing problems encountered in the previous breadboard. The
receiver IF filter was changed to 4-pole Butterworth with phase
compensation, rather than the 4-pole Bessel used in the previous Breadboard.

2.2.3 Improved Acquisition

Computer simulations indicated a dual reference derivation loop
basdwidth approach was required to acquire 80 kHz of frequency offset in
1 ms. A single loop bandwidth apprcach will acquire 20 kHz of offset in
20 ms or 80 kHz offset in 320 ms. The goal was modified in consultation
with RADC to 20 ms acquisition with 20 kHz frequency offset. Therefore, a
single loop bandwidth approach was adopted to simplify the hardware on the
experimental modem.

2.2.4 Dual B/Hz Capabiiity

A technique was developed to provide 1 B/Hz capability in
addition to 2 B/Hz capability. Both capabilities are designed to operate
in an authorized bandwidth of 14 MHz. Both modes meet corresponding FCC
19311 spectral masks using a common waveguide filter. The 1 B/Hz technique
involves a relatively simple conversion technique at the demodulator IF
input that exploits maximum equipment commonality between the two spectral
capabilities.
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2.3 Details of Study Phase

This section outlines the study effort undertaken Lo achieve the
abjectives of the Statement of Work for this program.

2.3.1 FCC Docket 19311 Spectirum Compliance

AL the outset of this coniract it was felt that one of Lhe most
challenging theoretical problems was to achieve compliance with FCC Docket
19311 spectiral requirements. Figures 1 and 2 show the spectra for 1 B/Hz
and 2 B/Hz modes for unfillered 4-ary FSK relative to the appropriate
spectral masks from FCC 19311. The 1 B/Hz mode uses frequency spacing of
1/4 symbol rate (mod-index 1/4) and the 2 B/Hz mode uses frequency spacing
of 1/8 symbol rate (mod-index 1/8). As shown, the 1 B/Hz mode violates the
mask as much as 15 dB and the 2 B/Hz mode violates the mask as much as
18 dB in the side lobes.

Two primary approaches for obtaining FCC 19311 compliance were
pursued during Lhe study phase. Thesc were: (1) 70 MHz IF filtering
followed by hard limiting at the modulator before inlerfacing with the
70 MHz IF radio input, and (?) & GHz microwave waveguide filtering. These
approaches are described belew.

2.3.1.1 IF Filter/Limiter Approach

The IF filter approach is shown in block diagram form in
Fioure 3. Originally, il appeared that the IF approach would be preferred
over the waveguide filter approach from the standnoint of operational
considerations. The IF filters could be readily changed or replaced to
meet varying bit rate requirements in an operational system. It was
decided that consideration of waveguide filtering should be deferred until
an IF filtering approach could be thoroughly evaluated.

Consequently, an effort was undertaken to analytically charac-
ierize the IF filter approach. Imporiant elements of this characterization
were: (1) computation of radiated power spectrum, and (2) computation of
modem performance (BER versus Eb/No). A FORTRAN computer pr(ygram was
written to perform these computations. The chief analytical tool used in




burJalliy InoylLd wnJ3dads zH/g 2

*2 duanbL4

</ .\\/ A\ Jﬁlv
N =
l—dupﬁm\\ 2 l.um
e Wm
-4
/ 3
e
1

Butaagtd INOYILM WNA3RdS ZH/g |

L1

S11IVY L0 I ¥BNUYD MOUS GIAONEY ADNIND NS
L 1} ol «e we

1 34nbi 4

ENA ..
\ s,....“....u
o . um
S o _ mm
e /
048 i 480 LINIOC 2N ﬂm

10




PR Y

B T

W T L e

T gt

L W
.,»7‘,-1,"'"!‘ “'*3"W(‘~:""f HWELL 2N i w1

INPUT &ARY | 10 Mg mc':ut. HARD 70 M
paTA P FSK 91 T aiare Lmitgr[—® RADIO
MODULATOR . INTERFACE

Srsneensued 001
Fiqure 3, Basic IF Filter Approach to FCC Docket 19311 Compliance
this program is a Fast Fourisr Trensform (FFT) routine. Spectra are
obtained hy averaqinqg FFi's over many random svmhol sequences. Time-domain
parameters necessary tor computing modom performance are also computed with
the FFT. The time-domain quant’'ties of most importance in determinina
modem performance are phase reasuremente of the filtered (hence distorted)
received FK waveform. The com.ui.ur proqrain also includes a portion which
comnutes the average svmbol error rate given the distorted phase measure-
ments. The computer program is de-cribed in more detail and a listing is
presented in Appendix B. This program va: ‘..o to producae the resilts
given helow for both the IF and wavegquide filter anproaches tu F ' 194!

compliance.

At the outset of the IF filter search a qood analvtical or intu-
itive arasp of the effects of the filter/1imit combination was not avail-
ahle. The approach taken therefore was to trv various combinations of what
seemed to he reasonable tvpe filters and calculate spectra after the
limiter with the computer program. During this extensive iterative process
some intuitive understandina of necessarv requirements on the filter for
meeting FCC 19311 began to emerqe.

First and foremost amonag the characteristics of the filter/limit
comhination is the limiter's restoration (to a large deqree) of the prefilter
side lohe levels for manv filters. .Figure 4 is a case in point. The
spectrum is plottecd versus 32|f-fc|TS vhere f = freauency, fc = center
frequencv, and T, is the 4-arv FX swvmhol time. The quantit_vlf-fc|Ts
is thus the numher of svmbol rates removed from center frequencv. Here the
filter is an 8-pole 0.1 dB rinple Tchehvcheff desian with the 3 dB roint
at 20 on the horizontal scale. The major offendina side lohe orjor to
filterina occurs at 32 on the horizontal scale and has level of -€2 dB.

The Tchebvcheff filter has an attenuation of 55 (B at this side lobe
frequencv therehv placing the orelimiter side lohe level at -117 dB. As
shown, after limitinag, the side lohe is restored to the -69 dB level for a

11
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net gain of only 7 dB over the prefilter Yavnl  This lLicfiecliveness at
reducing the major side lobe was found to hold for all filters that insig-
nificantly tiltered the main lobe nf the spectrum.

The reason for this is clear in retrospect based on the fact
ihat the main lobe inside the authorized bandwidth contains 99 percent of
Lthe signal power. Filtering that leaves this lobe relatively untouched
does nol significantly distort or change the phase modulation of the ori-
ginal waveform. Since phase modulation is the only filtered signal charac-
teristic that survives through the hard-limiter, it is then reasonable that
the spectral side lobes would be restored to a ‘large extent. Since such
filtering affects oniy 1 percent of the total energy, it follcws that only
low level side lobes would be significantly reduced.

After observing these effects and in response to the argument
above, it was concluded that only IF filters which filter the main lobe
significantly had any hope of resulting in FCC 19311 compliance. The
necessity for such bandwidth restrictive filters of course implies
performance degradation due to additional intersymbol interference.

From previous computer simultations evaluating the effect of
filters on FSK signals, it was felt that small group delay distortion would
be of paramcunt importance in holding performance degradation to acceptable
levels. AL this point in the IF filter investigation, various perfectly
phase compensated filters as wall as Bessel filters (which have very low
group delay distortion characteristics) were analyzed. Figures .5 and 6
show the spectra obtainable with 4-pole and 8-pole Bessel filters respec-
tively when followed by hard limiting. The 4-pole filter 3 dB bandwidth is
0.3 times bit rate while for the 8-pole filter, a 0.33 times bit rate band-
width is used. Rough calculations of performance indicated approximately
2 dB loss in performance relative tc the previous breadboard wmodem.

Figure 7 shows the spectrum obtained with an IF filter with sinc
function (sinc(x) = sin(x)/X) rolloff out to the first null at 20.75 symbol
rate. The -3 dB bandwidth of this filter is 0.331 times bit rate. Rough
calculations indicated a 1itlle less than 2 dB degradation with this filter
relative to the previous breadboard.

13




4 kMz RELATIVE POWER (dB)

-10

p FCC 19211

Figure 5.

100 L__.J__J__J__Al;_i

20 » 40 80
32| t-1,| T, 900803

Four-Pole, 0.3X BR BW, Bessel Filtering

14




-10

/FCCWS“

4 kHz RELATIVE POWER (dB)

s
[

ek e i

-100 el —
0 10 20 0 40

2|7,

Figure 6. Eight-Pole, 0.33X BR BW, Bessel Filtering

15




-20
p FCC 19311

4 kHz RELATIVE POWER {dB)

G 1] 2 % 40
B2yt T,

Figure 7. Sinc Rolldown (#0.75 SR)

16

100 L —————t———————




B AL T A e

NI YRS SR o U R,

o,

AN AR L L g

L G 1 v SRRt

oo R TR e R Y

;L
1
!
i

From these results, it was concluded that a 3 dB IF bandwidih of
hetween 0.3 to 0.4 times bit rate wouid be required to meet FCC 19311 with
an IF filter/limiter approach. Also, the rolloff outside the 3 dB
bandwidth should be rapid-1ik: the sinc function,

In an attempl Lu approximate the rapid rolloff and linear phase
characteristic of Lhe sinc function filter, performance and specirum was
examined with the filter shown in Figure 8. Here-a 4-pole Butterworth fil-
ter with 3 dB bandwidth equal to symbol rate and with two sections of all-
pass phase compensation is included. The filter's primary funciion is to

MODULATOR 4-ARY FSK

FREQUENCItS

arreauency | FACELBY l
l GENERATOR IF FILTER
~
o] o] 12| 13| / \
2 Y v Vv V¥
0ATA —pl ] I — I
4-POLE 2-SECTION
70 MMz IF 2 TUNED
BUTTERWORTH ALL-PASS HARD
] - - L —»] TRAPs AT —bp
SYMBOL RATE | 8 BANDPASS PHASE ”'035“ umiT [y
! I FILTER COMPENSATION o
NOMILAL 14 MHz ——pl——p] S

OR 7 MH: :
I— — — —— t— _‘ CONSTANT |

ENVELOPE

NOTCH SIGNAL
346 BW - PHASE FILTERS l
18 Mz COMPENSATION 70MHz
FUH BUTTERWORTH RADIO I
FILTER

INT: 3FACE
BU969- L

Figure 8. 1IF Filter Approach to FCC 19311

ruduce higher order side lobes. The most significant main lobe filtering
is Jone by the two tuned traps (zeros on jwaxis) al #0.75 x symbol rate
relative to carrier. These two zeros lead to paraboli~ frequency response
between the two notich frequencies. The zeros also have the merit of
theoretically crcating no group delay distortion beiween the two notch
frequencies. The overall attenuation and group delay distortion of this
composite IF filter is shown in Figure 9. The 3 dB bandwidth of the filter
is 0.375 x bit rate. This composiie filter was used as the baseline in the

i7
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3 TS N NG

o R 8 R

L SR

N T S A A

e AT Y AT

TREMRE SN NGV I AT T RS

tollowing results for the IF fiiter approacii 1o FCC 19311 compliance. The
radiated signal spectrum usira Lhis IF filter for 2 B/Hz operation is shown
in Figure 10. The radiated signal spectrum fur 1 L/Hz operalion is shown
in Figure 11. Both modes use the same IF filter and both operate in an
authorizced bandwidlh ot 1+ My,

Figure 12 shows the computer pertforiiance predictions for the IF
filter baseline approach. The nominal baseline conditions are given in
Tabie 1.

The 2 B/Hz mode theoretlicelly requires 23.1 dB Eb/N0 for a 5
x 1072 symbol error rate.

Figure 13 shows the variation in symbol error rate as the symbol
timing at the demod varies.

Figure 14 shows the variation in symbol error rate as tha
threshold spacing in our demod crosstalk correction algorithm changes.

The sensitivitiec shown on these figures are roughly the same
degree of sensitivity to imperfections as the prior breadboard modem.
However, the performance. with the IF filter approach shown in Figure 12 is
approximeteiy 2.3 dB worse Lhan the performance of the waveguide filter
approach presonted in Lhe following seztion. Consequentlv, the IF filter
approach was discarued in  avor of using ihe -.ceguide tilter. The IF
filter bandwidth required for FCC 19311 compliance was simply too narrow
anc rcsulted in excessive signal distortion relative to the waveguide
filter approach.

At the end ot the study phase 1t was discovered thai the
simelation which produced the performance curve for the IF filler approach
shown in Figure 12 was producing optimistic predicticns. Due to time
limitations these simulations were not re-run. In any case, the trade-off
betwcen IF and waveguide filtering is weighted even more toward the
waveguide approach.

19
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Table 1. Nominal Baseline Conditions for IF Approach
1. TRANSMIT IF FILTER:

4-pole Butterworth with 3 AB bandwidths of 13.41

MHz and containing two section all-pass phase

compensation. Two tuned traps at 70 10.05 MHz.

2. RADIO TRANSMIT IF
FILTERS:

3-poie 0.] dB ripple Tchebycheff and 3-pole
Butterworun both with 3 dB bandwidths of 30 MHz.

3. DEMOD IF FILTER: 4-pole Buticrworth with 3 dB bandwidths equal to

symbol rate and containing two section all-pass
phase compensation.

[ ——————S LR e L L R oo

: 4.  CROSSTALK ALGORITHM

THRESHOLD SETTING: © = 5.59.
i 5. REFERENCE LOOP

; PHASE JITTER: 0.7° rms.

6. SYMBOL TIMING:

Within 1 percent of symbol time of best location.

S

2.3.1.2 Wavequide Filter Approach

: In this section the study effort which considered the use of

] microwave waveguide filters for spectral shaping to meet FCC 19311 is
3 presented.

‘i

¢.3.1.2.1 Filter Characteristics

The nominal center frequency of the Philco LC8D radio used for
Ltesting the modem was 8.075 GHz. The filter attenuation characteristic
needed for FCC 19311 compliance is primarily dicltated by the 18 dB viola-

tion of the spectral mask for 2 B/Hz at symbol rate (one-half bit rate)

_removed from carrier. For this modem the nominal bit rate is 26.82 Mb/s.

Thus the waveguid2 filter is centered al 8.075 GHz and must be at least

18 dB down at *£13.41 MHz. Based upon computer simulations and considera-

tion of waveguide filter types readily available in the industry, it was
decided to use a 4-pole Butterworth filter with 3 dB bandwidth of 15 MHz
for this approach. The use of such a filter results in near-optimum

23
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performance and leads to FCC 19311 compliance for both the 2 B/Hz and

1 B/Hz modes operating in an authorized bandwidth of 14 MHz. The
attenuation and group delay disto-tion for this filter are shown in Fiqures
15 and 16 respectively. When the baseline radio filters are included, the
overall atienuation and group delay characteristics are as shown in Figures
17 and 18 respectively.

Discussions with waveguide filter manufacturers (Microwave
Development Laboratories (MDL) and Waveccm) revealed that INVAR
construction of such a filter will lead to 2400 kHz of center frequency
detuning at 8 GHz and with «25% ¢ temperature variation. This detuning
number results from assuming INVAR material has a temperature coefficient
of expansion of 2 x 10°20/% C. The formula indicated by MDL for
campuling detuning is

D =€ (AT) (1)
where D = Frecuency detuning,

¢ = temperature coefficient of expansion.

f c filter center frequency.

AT = temperature variation.

The assumpiion of «25° ¢ operating temperature variation is supported by
reference Lo DRAMA specs (0° to 49° C) and to the Philco LC8D radio
specs (0° 1o 50° C). Equation (1) then indicates

D=2x 108 x 8 x 10° x (225) kHz
or D = #400 kHz

2.3.1.2.2 Navegyide Filter Resulis

Figures 19 and 20 show the spectra obtained with the waveguide
filter for the 2 B/Hz and 1 B/Hz modes respectively. The effect of irans-
mitter detuning of %402 kHz is indicated on these figures. This %402 kHz
frequency variation is the amount of detuning occurrirg in an 8 GHz wave-
quide filter of INVAR constiruction for a #25° C temperature variation.
These figures show that the spectra both will meet the FCC 19311 masks for
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+25% C temperature variation with a waveguide filter of INVAR construc-

tion. It is impossible - both from performance and spectra viewpoints - to

use non-INVAR construction since center frequency shifts an order of
magnitude greater would occur (%4 MHz) over this temperature range.

. £ il 4}“ 3 5
et R e AR I B ‘ﬂm

Figure 21 shows the performance for the waveguide filter base-

% line approach. The nominal condi*ions for the baseline are given in Table
é 2. As shown, 2 B/Hz operation at 5 x 10'9 error rate requires 20.8 dB
g Eb/N0 while 1 B/Hz operaticn requires 14.3 dB Eb/No. These predic-
: tions are roughly 3 dB bhetter than the performance predicted for the IF
% filter approach. Figure 22 shows the performance of the modem back-to-back
: at IF, i.e., without the waveguide filter.
| ; Figure 23 shows the variation of symbol error rate with
% detuning. This curve is important in comparing the detuning effect versus
i % temperature for the waveguide filter against performance degradation to be
% expected. As indicated in Figure 23 the symbol error rate degrades by less
% than a factor of 2 for £402 kHz detuning. This represents less than 0.2 dB
1 signal-to-noise degradation at a 5 x 102 bit error rate.
E Figure 24 shows the variation of symbol error rate with changes
% in threshold spacing at the crosstalk aigorithm.
g Figure 25 shows iue variation in symbol error rate with demod
g symbol timing variation.

Again, the indicated sensitivities to equipment imperfections is
comparable to the previous breadboard sensitivities. Because of the better
performance available with the waveguide filter approach to FCC 19311

spectral compliance, the waveguide was chosen for the baseline for this
nodem.

2.3.2 New Implementation Techniques

This section documents the study effort which investigated new

implementation techniques for the modem. The effort centered primarily

upon reconfiguring the phase detector reference derivation to eliminate

critical phasing, timing, and acquisition problems encountered in the
previous breadboard unit.
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Figure 21. Waveguide Approach Baseline Performance
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Table 2. MNominal Baseline Conditions for Waveguide Filter Approach

RADIO TRANSMIT IF FILTER:

—

3-pole 0.1 dB ripple Tchebycheff and :
3-pole Butterwortil - both with 3 dB
bandwidths of 30 MHz.

]
i
1
L e and leiima i

2. WAVEGUIDE FILTER: 4-pole Butterworth with 3 dB bandwidth ‘

of 16 MHz.

, 3. DEMOD IF FILTER:

4-pole Butterworth with 3 dB BW equal to
symbol rate containing two section
all-pass phase compensation.
4, CROSSTALK ALGORTTHM

THRESHOLD SETTING: 9 = 5%,

5.  REFERENCE LOOP
PHASE JITTER: 0.7° rms.

6. SYMBOL TIMING:

A € TP ST A T 1 I R T R

1 Within 1 percent of symbol time of best

1 location.

% 7. WAVEGCIUE FILTER

% DETUNING: 0.

:

% ;

i ;

% i
§
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2.3.2.1 The Phase Detector Reference Problem

The original breadboard had some severe implementation problems
which resulted in critical timing adjustments. The most severe problems
arose from the technique employed to generate and use the coherent
reference for the quadrature phase detector (QPD).

Figure 26 shows a basic conceptual block diagram of the prior
breadboard demodulator. Conceptually, the demodulator functions as
follows. A reference is established at the lowest of the four transmitted

1*
INPUT QUADRATURE |.CO8 ) .
PHASE | ouTPUT
M verecton | g | A° 751 9% > oata
{OPD) -_—..T
‘T;° ‘T;0° : SYMBOL
. TIMING
QUADRATURE

HYBRID r—— ansmn e —1 L ceLay
PEE

REFERENCE DERIVATION 80149144

Figure 26. Simplified Diagram of Breadboard Phase Detection Technique

frequencies, fo‘ This reference is used to provide phase measurements

from the QPD. These phase measurements are quantized in the A/D converter N
and provided to digital logic which estimates the transmitted frequencies,
taking into account any crosstalk generated by system filtering.

The phase detector reference loop in the breadboard operated
open-1o00p from the phase measurements being derived with that reference
which resulted in significant critical timing problems. [n Figure 26, note _
that the reference is derived in a X8 frequency multiplier chain followed 5
by a phase-locked loop (PLL). Because of inherent delays that arise in
various paths of the circuit, a time delay trim, r, is required to properly
align the phase of the reference. If everything were ideal (in particular
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if time delays remained fixed) the system as shown would be satisfactory.
However, with any variation leading to differential time delay between the
QPD input and its reference, the reference is no longer coherent. It is
believed that the intolerance cf the previous breadboard to frequency
offset could be traced to the fact that such offset resulted in changes in
the differential time delay between the reference and QPD input. The
follcwing describes the steps taken to eliminate this problem in the
present modem.

The possibility of making the QPD provide the error signal for

controlling the phase of the reference VCO in a closed-loop manner as shown
in Figure 27 has been investigated. As shown, the QPD outputs are observed

and a phase measurement is noted. From this phase measurement a phase
error to the closest FSK signal phase node can be calculated. For
mod-index equal 1/8 FSK, the possible symbol-end phase nodes are spaced by
45%, The phase error signal so generated is filtered and used to control
the ¥CO as shown.

An advantage of this type reference loop is that the reference is

controlled to cause the phase error to the nearest node to average zero -
where the phase error {s based upon the actual phases measured in the QPD
and not in an independently operating reference derivation loop. The
coherence of the reference is thus guaranteed in a closed-loop manner.

During the study phase, attention was focussed on a scheme for
deriving the phase error measurement described above from the existing
phase detector thresholds in the demodulator. Figure 28 shows the manner
in which the QPD quantizes the phase m2asurement for use in the logic
processing circuitry. Ten thresholds are established on each of the two
quadrature outputs. As shown in Figure 28 these threskolds allow 5 phase
thresholds spaced by approximately 5° between each of the ideal ending
nhase nodes. Figure 29 shows a representative ideal phase node and the
phase bins within #22.5° of this node implied by the QPD thresholds of
Figure 28.
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Figure 27. Closed Loop Reference Derivation

An error signal is derived from the existing slicing levels
wherein the phase error is assigned a value proportional to the distance of
the phase bin from the ideal node. Figure 29 shows that the 5 phase errors
associated with the 5 bins are 0, #15°, and +20°. This is a rather
coarse quantization of the phase error.

Computer simultaticns were run to observe acquisition time,
loop-caused phase jitter, and symbol error rate cbtainable with the schaeme
which filters the coarse phase error signal to centrol the reference VCO.
Figure 30 shows the results obtained. The various quantities of interest
are plotted versus the natvral frequency, L of the closed loop. The
loop damping factor was held constant at unity as the natural frequency was
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Figure 29. A Representative !dea} Node and Surrounding Phase Bins
With the Thresholds of Figure 28

varied. The acquisition time varfes rapidly with w (~¢nn'3). The
acquisition time plotted is for 80 kMz of initia) frequency offset.
Ebmo for all curves is 20 d8.

To achieve the design 903) of 1 ms acquisition time for 80 kH2
offset, it is anparent from Figure 30 that the Yoop bandwidth will have to
De set at a fairly large value (at least 70 to 80 kHz w,) and then after
acquisition switch to a narrow bandwidth ("n approximately 10 kHz) to
reduce rms loop-caused phase jitter to a desirable level of 0.7°.

The basic biock diagram for the closed-1oop reference derivation
scheme demodulator is shown in Figure 31,
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Figure 31. Phase Detector - Demod for 4-ary CPFSK
The good resulis for the relatively simple closed loop scheme
Just described made the other more complex schemes that were considered

look very unattractive and they were quickly discarded.

2,3.2.2 The Acquisition Problem

The primary acquisition problem occurs with the gquadrature phase
detector reference loop. The original goal was 1 ms acquisition with 80 kHz
of frequency offset.

With B0 kHz frequency offset, the closed-loop technigue
described above requires a loop bandwidth of approximately 100 kHz to
acquire in 1 ms. This loop bandwidth results in degradation due to
excessive phase jitter of roughly two orders of magnitude fn error rate.
Tnus, it is necessary to switch to a narrower loop following acquisition in
order to reduce the jitter. Simulation indicated that a leoop bandwidth of
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approximately 10 kHz is required to reduce jitter to a desired level of
0.7% rms. ;

The provision of two different loop bandwidths is a complicating
factor in the implementation. Not only are there special implewentation
problems brought on by thelnecessity to switch loop filters, but also fhe
requirement for acquisition loop bandwidth of 100 kHz reflects into a
requirement (from stabili%y considerations) for a crystal VCO respunse
bandwidth which stresses the capabilities of such VCO's.,

It was desirable to eliminate the requirement to switch between
two different loop bandwidths brought on by the 1 ms design goal. Several
alternative approaches follow:

1. Increase the allowable acquisitinn time for 80 kHz frequency
offset.

2. Reduce the frequeincy offset and keep 1 ms acquisition time.

3. Combination of reduced frequency offset and greater than
1 msec acquisition.

These three alternatives are summarized in Table 3. These numbers are
generated from the computer simulation shown in Figure 30 and assuming that
acquisition behavior is as in a second order phase-locked loop (which our

closed-100p scheme is), i.e., Tacq « (A1’)2 "’n-3 where Af is frejuency

offset andcun = loop natural frequency.

Frequency stability of 10’7 would hold frequency offset t2
under 1 kHz at 8 GHz and such stabjiiity would allow one loop bandwidth
acquisition in 1 ms and no bhaseline degradation.

In consultation with RADC an assumption of 20 kHz frequency
offset and 20 ms goal on acquisition was adopted. A single 1oop bandwidth
of 14 kHz which as indicated by the bottom 7ine in Table 3 results in no
more than 0.1 dR baseline degradation w&s implemented.
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Table 3. Effect of Changing Acquisition Specification on the
Single Loop BW Reference Scheme

Freq. Offset | Acq. Time | Loop Nat. Freq. | Baseline Jegradation
(kHz) (MS) (kHz) (de
80 4 50 0.5
. 80 7 40 0.3
S 80 18 30 0.25
-
g 80 32 25 0.2
Q
-
= 80 60 20 0.1
b | 80 320 14 0.1
o~ 40 1 63 0.6
4 -]
{ >
; 5 30 1 52 0.5
: g 20 1 a0 0.3
&
< 10 1 25 0.2
40 32 20 0.15
- .
s 30 32 16 0.1
&>
£ 20 32 13 ~0
Q
g A
= 10 32 8 0
20 20 13 ~0.1
:
- E
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2.3.2.3 Dual B/Hz Capability

A relatively simple technique was uncovered during the study
phase for providing 1 B/Hz as well as 2 B/Hz capability in the modem. The
technique exploits maximal equipment commonality between the two modes of
operation in both modulator and demodulator. The technique allows
13.41 Mb/s operation in the 1 B/Hz mode and 26.82 Mb/s operation in the
2 B/Hz mode - both operating in an authorized bandwidth of 14 MHz.

The approach involves using mod-index 1/4 4-ary FSK in the 1 B/Hz
mode and mod-index 1/8 4-ary FSK in the 2 B/Hz mode. At the modulator,
operation as cescribed above results in both modes utilizing the same four
modulation frequencies. The 1 B/Hz mode simply selects one of the four
synthesized freauencies at one-half the rate (6.705 MHz) as the 2 B/Hz mode
(12.4) MHz). Thus, the modulator is common between the two modes.

Figure 32 shows the manner in which the two modes are handied at
the demodulator. In the 2 B/Hz mode the 70 MHz radio IF signal is filtered
by a 13.41 MHz (symbol rate) 3 dB bandwicth filter and passed directly on tu

70 MHz iF
MOD INDEX = 1/8

13.41 M4z
BANDWIDTH

70 MMz 28/t
¥ RADIO =0 TO DEMOD
RECEIVER
1B/Hz

) 6.706 MMz
1 BANCGWIOTHN
RECEIVER

FILTER

~ 140 MH2

[ 2

Figure 32, Dual B/ky Cunversion Demodulator Front-End
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the demodulator phase detector and A/D which is designed under the assump-
tion of mod-index 1/8 4-ary FSK input (the ideal phase nodes are spaced by
45°). In the 1 B/Hz mode on the other hand a conversion step is included
as shown Lo convert the received mod-index 1/4 signal to mod-index 1/8
afte. ~ :.ering by a 6.705 MHz (again, symbol rate for this mode) 3 dB
bandw .dth IF filter. This conversion is accomplished by first mixing to a
« 'minal 140 MHz IF frequency followed by frequency divide-by-2 to produce a
nominal 70 MHz mod-index 1/8 IF signal which once again is appropriate to
feed to the phase detector and A/D for further processing. Fortunately,
the signal phase distortion produced by the 6.705 Miz bandwidth filter in
! the 1 B/Hz mode is almost exactly twice that in the 2 B/Hz mode. As a
* . result, after the frequency divide-by-2 operation ( +2 counter) the signal
- phase distortion is identical between the two modes. Further, this means
that the phase quantizing thresholds in the phase detector are identical
between the two modes. Thus, the only differences in the demodulator
required between the modes are the changes required to handle the two
different symbol rates (reference loop bandwidth change and symbol timing
loop change).

The approximate 6 dB improvement in performance of the 1 B/Hz
mode over the 2 B/Hz mode can be thought of in light of this conversion
siep in the following way. The ideal phase node spacing of the converted
% signals are identical (45%) for the two modes. Because of the divide-

‘ by~-2 operation in the 1 B/Hz mode, however, the rms noise-caused phase
jitter ic halved. This is the source of the 6 dB improved performance.

2.3.2.4 New Receiver IF Filter

During this study it was found that a 4-pole Butterworth filter
with two sections of all-pass phase compensation performed better than the
prior mcdem's 4-pole bessel filter. The 3 dB bandwidth is equal to the
4-ary symbol rate. The attenuation and group delay distortion character-
istics of this filter are shown in Figure 33.
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3.0 HARDWARE DESCRIPTION

An experimental modem incorporating the baseline concepts
described in Section 2.0 was constructed. The actual hardware is described
in this section. The modulator and demodulator sections of the modem are
physically packaged separately.

3.1 Modulator

The modulator is contained in a 5.25 inch high chassis designed
to be mounted in a standard 19-inch rack. The unit contains integral power
supplies and cooling fan. It should be noted that as cooling air is drawn
into the chassis from the top, a minimum space of 3.5 inches is required
above the unit.

A photograph of the modulator front panel is shown in Figure
34. Input data is applied to jacks A and B.

N
1
g

Figure 34, Modulator Front Panel

For 2 B/Hz, 26.82 Mb/s single stream operation and 1 B/Hz, 13.41
Mb/s single stream operation, channel A is used exclusively. For 2 B/Hz
and twe synchronous 13.41 Mb/s stream operation, channels A and B are
muitiplexed together within the modulator producing a singie internal 26.82
HMh/s data strzam. An input bit rate clock, synchronous with the input dasta
must be applied to the INPUT CLOCK jack. The data transition should occur
on the rising edge of the clock. Exact alignment is not required, but




B

timing should be within 1/4 bit time. A transmit clock is provided al the
OUTPUT CLOCK jack. Its frequency is crystal-controlled and automatically
switches from ¢6.82 MHz to 13.41 MHz as required when the MODE switch is
operated. The three most counterclockwise positions of the MODE switch
are for 2 B/Hz operation. Position A is for use with a single 26.82 Mb/s
data stream (applied to jack A). Position A+B is for multiplexing two
13.41 Mb/s data streams together (jacks A and B). The position labeled
TEST reconfigures the internal 20-stage randomizer for use as a
pseudorandom sequence generator. No external data or clocks need be
applied in Lhis mode. The two most clockwise positions of the MODE switch
are used for 1 B/Hz operation. Position A is for a single 13.41 Mb/s input
data stream (jack A). There arc nc muliiplexing provisions in the 1 B/Hz
mode. The 1 B/Hz TEST position allows for internal generation of a 13.41
Mb/s pseudorandom data stream. The IF OUTPUT jack provides a modulated 70
MHz signal at a nominal level of +1 dBm.

A1l frort panel jacks are BNC type and aire designed to interface
with 75 ohm circuits. Digital input and output levels are nominally 2
voltls peak-to-peak with +1 volt being a "1" and -1 volt a "0".

A conceptual block diagram of the Modulator is shown in Figure
35. Its theory of operation is identical to that of the previous modem
where pairs of data bits are used to select one of four phase coherent
frequencies each symbol time. The four tones are generated by mixing an 8
times bit rate clock with bit rate and symbol rate. This forms a mod-index
1 signal which is divided by 8 to generate the desired mod-index 1/8 signal
which is mixed up to 70 MHz. The primary difference between Lhis modulator !
and the previous one is Lhe phase-locked loop (PLL) that locks to the
externally supplied bit rate clock. This PLL supplies all the modulator
clocks, including the 8 times bit rate clock used in the frequency
generator. Thus, the four tones have a fixed time relationship to the
symboi rate ciock that selects the desired tone.

L Smevpegst A

Input data is applied to lines A and B. For 2 B/Hz single
stream operation and 1 B/Hz operation, channel A is used exclusively. For
2 B/Hz and two synchronous 13.41 Mb/s stream operation, channels A and B
are fed to the MUX where a single 26.82 Mb/s siream is produced. This
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stream is randomized and fed to the Frequency Selector. In the test mode,
the randomizer is used to produce a pseudorandom sequence and requires only
2 clock input. For this mode, the clock PLL locks to an internai reference

1 ‘dwclock which also supplies a transmit clock to the outside world.
o
One B/Hz operation is provided by selecting the tones (which

remain the same) at one half the 2 B/Hz symbol rate, producing a mod-index
1/4 signal.

3.2 Demodulator

The demodulator is contained in an 8.75-inch high chassis
designed to fit a standard 19-inch rack. The unit contains integral power
supplies and cooling fan. As cooling air is drawn into the top of the
chassis, a minimum space of 3.5 inches above the unit is required.

A photograph of the demodulator froni panel is shown in Figure
36. The demodulator receives IF at 70 MHz, +1 dBm at the IF IN jack.

e, g Wl "o

it

Figure 36. Demodulator fFront Panel
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Input impedance is 75 ohms. OQutput data appears at jacks A and B.
Recovered bit rate timing appears at the CLOCK QUTPUT ifck. The data
transitions occur on the rising edge of this clock. In the self-test mode
(selected at the modulator) bit errors detected by the internal
self-synchronizing derandomizer produce positive pulses on the BIT ERROR
OUTPUT jack. Normmally, this output remains at a logic "0" (-1.0 V into 75
ohms) when the modem is operating error-free in the TEST mode. All logic
outputs provide 2 volts peak-to-peak into a 75 ohm load. A logic "1" is
represented by +1.0 volt and a logic "0" by -1.0 volt.

The MODE switch has three positions. The two most
counterclockwise positions select 2 B/Hz operation. Position A is used
when the modulator receives a single 26.82 Mb/s data stream. This position
is also used for the 2 B/Hz TEST mode (selected at the modulator).
Position A+B corresponds to the similarly marked position on the modulator
when the data input consists of two synchronous 13.41 Mb/s data streams.
The single 1 B/Hz position, A, is used for both 13.41 Mb/s data stream
operation and the 1 B/Hz TEST mode. With the demodulator MODE switch set
to the position correspending to that chosen on the modulator, the output
data appearing 2t jacks A and B corresponds to the input data at the input
jacks on the modulator bearing the same label.

With the modulator in one of the twe TEST modes, the data
outputs on the demodulator will remain at a logic "1 when the modem is
operating error-free. The BIT ERROR CUTPUT produces a half-bit period *
pulse for each error detected. BitL error rate performance can be
determined by measuring the frequency at the BIT ERROR QUTPUT jack and
dividing this number by the bit rate (26.82 Mb/s or 13.41 Mb/s). The
derandomizer is of such a design that it will produce three pulses for
every isolated error made by the processing logic. This corresponds to
normal operation when the randomizer/derandomizer introduces an approximate
factor of three degradation in bit error rate performance.

A conceptual block diagram of the Demodulator is shown in Figure
37. In 2 B/Hz mode, the 70 MHz IF is fed to a linear phase, malched filter
and then to a limiter. In ] B/Hz operation, the mod-index 1/4 signal is
fed L0 another matched filter and is then mixed up to approximately twice
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the center frequency and then divided by two to produce a mod-index 1/8
signal. It is then processed tha same as the 2 B/Hz signal.

The limited signal is applied Lo the quadrature phase relector.
The phase measurements of the sine and cosine channels are» sampled and held
while their values are digitized by the A/D's. Logic circuitry is used to
derive an error signal from the phase measurements. This error signal is
used to drive a VCXO through the loop filter. The VCXO provides the
reference for ihe phase detéctor. The loop closure thus aligns the
reference to minimize the average error to the phase modes. The A/D
outputs also go to the processing logic. This logic is identical in
concept to that used in the breadboard developed on the previous contract
(F34602-74-C-0263). For a detailed explanation of its operalion, refer to
Final Technical Report RADC-TR-76-117. The recovered data frum the lcygic
goes o ihe self-synchronizing derandomizer. The derandomized data is fed
1o the demux which can be bypassed for single stream operation.

Demod timing is recovered by a discriminator on the limited
input 3ignal producing a PAM sequence. Squaring recovers the symbcl iate
cunponent to which a PLL is locked, providing symbol rate and bit rate
clocks for the demodulator.

2.3 FCC 19311 Waveguide Filter

In order to meet the spectral requirements of FCC Docket 19311,
a microwave filtering agproach was used. The filter is a waveguide section
designed 1o be installed directly into the L(8D radio, replacing the final
transmitter output filter.

The desired filter characterisiics were specified as follows:

Elecirical Characteristic Desired:

1) Atienuation and group delay chavacteristics associated with
& 4-pole Butterworith filter. ({See F.gures 15 through 18 for
detail)

2) '3 dB bandwidth = 16 MHz
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3 3) Center frequency al toom temperature (25° C) = 8.075 GHz

{ 4) Detuning versus temperatur2: Center frequency shift
i < +450 kHz over 09 to 50° C temperature

! 5) 1Irnsertion loss: <1 dB
g 6) Max. VSWR: 1.1
k¥

7) Critical attenuations required: At room temperature
(25° C) at 8.075 GHz +13.41 MHz filter must be 19 dB down

Mechaniceél Characteristics

1. Waveguide size: WR112
2. Dimensional information:

a) Flange-to-flange: 7" in-line

b) Max., dimension at right angle: 4" (oneside only;
3. Flange type: UG-51 for WR11lZ waveguide

The Tilter was manufactured by MDL. The specifications were
treated as design goals. The filter delivered to Harris ESD feiled to meet
the desired group delay distortion characteristics. The actual filter's
group delay distortion is shown in Figure 33. The excessive group delay
peaks near the band e.ges account for much of the excess degradation
introduced by the filter., It was determined that aroup delay compensation
introduced at IF should be investigated during the test program at RADC.
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4.0 TEST RESULTS

Ttwe test program was perfocmed at Harris CSD in Melbourue,
Florida, and at RADC in Rome, New York. The in-plant tests were designed
to provide a performance baseline from whicn to interpret results from
later radio tests and to verify the characteristics of various internal
parameters. These tests were perforied with the modem loopec back at 70
MHz with additive thermal noise. Tesls were also performed with the modem
looped back through an up/downconverter alluwing the introductior of the
FCC 19311 waveguide filter to the signal path. The RADC tests included
back-to-back tests at 70 MHz and tests thrcugh the LCBD radio connecteu
back-to-back. The test plan which describes test setups and prgcedures is
included in this report as Appendix (.

In this section, the test results are presented. Modem
performance was very good and all design rcguirements were met. (=
addition the modem performance came very close to meeting all design
objectives.

4.1 In-Plant Tests

This paragraph presents data acquired at Marris £S0 during the
period of November 1, 1977 “hrough Novemwber 4, 1977.

4.1.1 Spectral Efficiency Results

Since the actual spectrum presented at the radio transmitter
output s the true weasure of compliance with FCC Docket 19311, tests
performed at Hariis ESD could only be useofui as preliminary indicators.
Hence, Jdetailed plots were taken only at RADC. However, photographs ware
taken at Harris ESD of the spectra at 70 MHz at the Modulator output and at
the output of the up/down converter that contained the FCC 19211 waveguide
filter. Figure 39 shows the 2 B/Hz spectrum directly at the modulator
output. Figur2 40 shows the 2 B/Hz spectrum after the waveguide filter and
down-corversion to 70 MHz. Examination of these spectra indicated thit the




BIF = 300 kHz

Bv = 100 Hz
VERTICAL - 10 dB/DIV
0 48 - TOTAL

POWER
HORTZONTAL - 5 MHz/DIV
1171777

Figure 39. 2 B/Hz Spectrum Without FCC 19311 Filter

BIF = 300 kHz
Bv = 100 Hz
VERTICAL - 10 dB/DIV
0 d8 = TOTAL
POWER

HORTZONTAL - 5 MHz/D'V
vyn

Figure 40. 2 B/Hz Spectrum With FCC 19311 Filter
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tilter pertormed as expected and that the requirements of FCC 19311 would

Lo met,

The 1 B/Mz spectrum before and after filtering is shown in

Figures 41 and 42 respectively. Compliance with FCC Docket 1921l was also
indicated here.

BIF = 300 kHz
Bv = 100 Hz
VERTICAL - 10 dB/DIV
0 dB = TOTAL

POWER
HORI ZONTAL - 5 MHz/DIV
11/1/777

Figure 41, 1 B/Hz Spectrum Without FCC 19311 Filter

BIF = 300 kHz
Bv = 100 Hz
VERT.CAL - 10 dB/DIV
0 dB8 = TOTAL

POWER
HORIZONTAL - 5 MHz/DIV
11/1/77

Figure 42, 1 B/Hz Spectrum With FCC 19311 Filter
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More detailed and documented spectral results are presented in
the RADC test result section.

4.1.2 BER Vs Eh/N

The design objective for the modem was a bit error rate of
5 x 10'9 or less at an Eb/No of 22 dB when operating through the
Pnilco Ford LCBD radio for a nominal 2 B8/Hz spectral efficiency. The
design objective for a nominal 1 B/Hz spectral efficiency under the same
conditions was 5 x 10'9 bit error rate at an Eb/No of 16 dB. These
design goals are for performance without the 20 stage randomizer/
derandomizer, which was not to degrade BER by more than a factor of 3 in
the vicinity of a1l x 10'7 BER. The BER was measured in a variety of
configurations, as described below. Details of the test configuration and
calibration are in Appendix C.

4.1.2.1 2 B/Hz Test Rasults

To obtain baseline performance data, the modulator and
demodulator were connected directly at 70 MHz. Thermal noise with an
equivalent bandwidth of 41.5 MHz was added at 70 MHz. Initially, the
internal randomizer/derandomizer was bypassed and the plot shown in Figure
43 was obtained with an external data generator and error counter. The
measured data is shown with a computer baseline prediction described in
Section 2.0. In the vicinity of a 5 x 10'9 BER, the measured data is
approximately 0.8 dB from that predicted. At higher bit error rates, the
difference is closer to 0.5 dB. A BER of 5 x 1070 was obtained at an
Eb/No of 20.6 dB back-to-back without randomizer.

Figure 44 shows 2 B/Hz back-to-back performance through the
randomizer on Channel A with a single 26.82 Mb/s data stream. Comparison
with Figure 43 shows that the randomizer introduced a BER uegradation of
less than a factor of three at any BER. Note that the computer-predicted
curve has been shifted by a factor of three for all plots showing
incorporation of the randomizer.
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Figure 45 and Figure 46 demonstrate that performance in the A
and B mode, where two synchronous 13.41 Mb/s data streams are multiplexed
together, is essentially the same as that of the single 26.82 Mb/s data
stream mede. Figure 47 shows performance as measured in the TEST MQDE
without banefit of external data generator and error detector. The
resulting curve is virtually identical to that of Figure 44, demonstrating
the validity of this test technique.

To simulate performance over the LCBD radio with FCC 19311
waveguide filter, the modulator output was upconverted tc B.075 GHz,
filtered, and oownconverted to 70 MHz where broadband noise was added. The
results are shown in Figure 48. The randomizer was bypassed for this test
to facilitate measurement. A BER of 5 x 10'9 was achieved at an
Eb/No of 22.9 dB. This is about 2.3 d8 from the prediction and about
0.9 dB from the design goal. These results indicated that group delay
compensation at 70 MHz might be desirable with the LCBD radio.

4,1,2.2 1 B/Hz Test Results

Figure 49 shows the basic 1 B/Hz BER performance without
randomizer. A BER of 5 x 10'9 was schieved at an Eblﬂo of 15.3 a8,
which is approximately 1.2 48 from the predicted valu2z. The same test run
with rancdomizer resulted ir a BER of & x 10'9 at an E,’/No of 15.7
d8. This curve is shown in Figure 50. As with ¢ B/R? operation,
performance is degraded by no more than a factor of three by tre
randomizer. BER performance was also measured using the internal TESY
MODE. Results are within measurement error of Lhose 2dtained with externa’
BER measurement equipment. A plot of this cate may be found in Figure 5!.

T e use of the FCL 19311 waveguide filter has much lags effec!?
on 1 B/Hz operation than 2 5/H2 operation. This i a resylt of the more
compact 1 B/Hz specirum. Figure 52 depicts 1 B/H2 BER per‘ormance without
randomizer. A BER of S x 10°9 occurred at an Ebluo of 15.6 d8. Tms
exceeds "he gdesign goal dy 0.4 dB. The computer simulaticon was 1.6 d8
ingide the measu~ed value.
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4.1.3 Acquisition Test Results

Acquisition performance was tested by gaiing the IF signal on
and off with an electronic swiitch. The modem was run in the self-test mode
and the BIT ERROR QUTPUT observed on an oscilloscope. NKoise was added to
the IF to produce a BER in the vicinity of 1 x 10"7 with the demodulator
locked up. With the IF gated off, a 50 per cent error rate produces a
large number of transitions of the BIT ERROR QUTPUT. When the IF is
reapplied and acquisition achieved, the error rate is so low as to make
transitions unobservable on the oscilloscope. The transiticn from high
error rate to low may be observed on the scope and compared to the time at
which the IF is gated on. The photograph in Figure 53 was exposed long
enough to record about 10 acquisition attempts. The modem was operating in
the 2 B/Hz mode with an IF offset of +20 kHz. The upper trace marks the
application of IF to the demodulator with a positive transition. The error
transitions on the lower trace cease in less than 10 ms, indicating
acquisition. Long term observation revealed that more than 90 percent of
all acquisition attempts were completed in less than 10 ms and none were
observed L0 require more than 20 ms. The design goal was 20 ms with an
offset of 20 kHz. The same results were obtained for an offset of -20 kHz
(Figure 54).

Acquisition in 1 B/Hz mode was measured with the same test set-
up. Sample acquisitions are shown in Figure 55 and Figure 56 for +20 kHz
offsels and -20 kHz offsets respectively. Acquisition was achieved success-
fully in less than 15 ms in more than 90 percent of all trials. On rare
occasions (judged to be less than 1 percent of all trials) 25 ms was
required for acquisition.
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UPPER TRACE- POSITIVE
TRANSITION GATES IF ON

LOWER TRACE- BIT ERROR
OUTPUT, 5 ms/DIV

11/1/77

Figure 53. 2 B/Hz Acquisition, IF Offset +20 kHz

UPPER TRACE- POSITIVE
TRANSITION GATES IF ON

LOWER TRACE- BIT ERROR
QUTPUT, 5 ms/DIV

1171777

Figure 54. 2 B/Hz Acquisition, IF Offset -20 kHz

80

TYITTTTTTNGRES g T T ST et e emm e e e , A




hWM"ﬂnrr--~

UPPER TRACE- POSITIVE
TRANSITION GATES [F ON

LOWER TRACE- BIT ERROR
OUTPUT, 5 ms/DIV

1171777

Figure 55. 1 B/Hz Acquisition, 1F Offset +20 kHz
UPPER TRACE- POSITIVE

' OWER TRACE- BIT ERROR
QUTPUT, 5 ms/DIV

11/1/77

Figure 56. 1 B/Hz Acquisition, IF Offset -20 kHz
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d. ¢ RADC Tests

This paragraph preseats data a:cquired at the RADC test facility
at Verona, New York, Novemt.r 7, 1977 through November )1, 1977.

4.2.1 Spectral Efficiency Resulls

'n order to demonstrate the spectiral shaping introduced by the
FCC 19311 waveguide filter, spectral measurements were first made at the
cutput of the Philco Ford LC8BD radio transmitier without the waveguide
filter. The spectra were measured with a Hewletl Packard ;pectrum analyzer
at 8 GHz. The analyzer was adjusted for 300 kHz IF bandwi”t% and 100 Hz
video bandwidth and was uccd Lo drive an X-¥ plotter. To ensure accuracy,
the amplitude and frequenc, scales were calibrated with markers at 10 dB
intervals on the vertical axis and with frequency markers ai 0, :7, and :14
MHz 6n the horizontal axis. The 0 dB power referesnce was a single
frequency tone from the modulator. This represents titail transmitied
power. A1l plots show « vertical axis thal is correcied to a 4 kHz IF
bandwidth. The ccrrection factor for a bandwidih reduction from 300 kHz to
4 kHz is -18.8 dB, hence the nonintegral calibration marks.

Figure 57 shows the unfiltered 2 B/Hz speclrum at the
transmitter output. The FCC 19311 spectiral mask is drawn to scale on the
plot. The two side lobes exceed allowable levels by some 12 dB indicating
that additional filtering is required. Figure 58 shows ihe unfiltered 1
G/Hz spectrum. [ts side lobes also exceed allowable levels by
approximately 10 dB.

The spectra were remeasured after installation of the FCC 19311
waveguide filter at the radio transmitter output., Figure 59 and Figure 60
show the 2 B/Hz spectrum and 1 B/Hz snectirum respectively. Tne 2 B/Hz
specirum fits within the spectiral mask with & minimum margin of
approximately 4.4 duB. The 1 B/Hz spectrum has a margin of approximately
7.5 dB. Thus, the spectral requirements of FCC Docket 19311 are met.
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It was noted that the measured peak of the spectra (at center
frequency) is 3 to 4 dB lower than predicted by computer simulation. This
was also observed on the photographs taken at Harris ESD. The discrepancy
may perhaps be attributed to the operation of the spectrum analyzer which
averages the log of the signal rather than averaging the signal before
taking the log. However, even if the spectral plots are shifted upwards by
4 dB, they still fit within the FCC 19311 mask.

The spectira were also measured at the radio receiver IF output.
Though the curves still fall below the FCC 19311 mask, the side lobes are
somewhat stronger than those measured at 8 GHz. This is probably the
result of limiting due to overload at the receiver downconverter. Tests
were run with maximum signal level through the simulator. The spectral
plots at the receiver IF are shown in Figures 61 and 62.

4.2.2 BER Versus E'[!Q Results

Bit error rate tests were run with the modem as received from
shipment. No attempt was made to realign the modem to optimize its
performance. The design objective was a BER of 5 x 10'9 or less at an
Eb/No of 22 dB over the LC8D ragio in the 2 B/Hz mode. Fc¢r the 1 B/Hz
mode, the objective was 5 x 1077 at an E, /N, of 16 dB. These
objectives were for operation without the randomizer which degrades
performarce by a factor close to three. Tne BER perfurmance was measured
in a variety of configurations, as described below. Unless otherwise
noted, measurements were made with noise added at IF as with the in-plant
tests at Harris ESD. This gave more repeatable results than the radio
noise technique described in the Test Plan. Tests wita radio noise were
run, however, as a check on the validity of the IF noise measursment
“2chnique, and the results are included in this section.

4.2.2.1 2 B/dz Test Results

Baseline performance data was obtained with a 70 MHz
back-to-back test with additive Gaussian noise. The result is shown in
Figure €3. The test was run with the randomizer operating. A BER of
5 x 1072 was achieved at an E /N of 21.1 dB. This represents a
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deyradation of approximately 0.2 4B from that measured during the in-plant
tests at Harris ESD. This is close to measurement accuracy and represents
excellent stability through shipping.

The second test at RADC was operation through the LCBD radio and
simulator without the FCC 19311 waveguide filter. The simulator connected
the radio back-to-back. Thermal noise was added to the radio IF outout for
Ey/N, calibration. The simulator was set for minimum signal
attenuation and the modam randomizer was utilized. An external data source
and arror detector were used for convenience in measurement. A BER of
5 2 10'9 was measured at an Eb/"o of 21.5 d8. The complete curve is

“cnewn in Figure 64,

The above test was then repeated with the FCC 19311 waveguide
filter installed in the LCSD radio transmittor. The resulting curve is
shown in Flgure 65. A BER of 5 x 10°" occurred at an E,/N, of 23.2 d8.

The rancomizer was then bypassed so that the results could be compared more
easily with thase obtained at Harris ESD with the up/downconverter. This
curve is shown in Figure 66. A BER of § x 109 was measured at an

Eb/"o of 23.2 dB as defore, The factor of three improvement did not
materialize doe to error in measurement repeatability. This is within 0.3 dB
oF that obtained at Harris ESD with the up/downconverter (Figure 48).

Figure 67 shows the BER performance with randomizer through the

radio with FCC 19311 filter and AGC amp’ifier. Comparison with Figure 65

reveals that the iF AGC amplifier in the LCSD degrades performanc? by

pproxfinately 0.6 dB in thi vicinity of a 10"8 GER. The AGC amplifier

was found to introduce additionsl group delay distortion that is a function
" of mpiifler gain (and, hence, receive level). Oistortion peaks at maximum

receivad leve! (minimum gain). A plot of performance with the AGC

acplifier but withouti ~andmizer 1s shown in Figure 68. A BER of

5 % 10°% way achieved at en Ey/M, of 23.4 dB without grop delay

compensation. This is 1.4 dB from the des’gn objective.
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